SUMMARY We used first-pass radionuclide angiocardiography to assess filling fraction during the first third of diastole, peak filling rate and peak filling rate during the first third of diastole as indexes of left ventricular diastolic performance at rest and after upright bicycle exercise in 32 normal patients and 68 patients with coronary artery disease. The mean filling fraction was unchanged from rest to exercise in normal patients (47 ± 15% vs 46 ± 13%; NS). Even in 49 coronary patients with normal (. 50%) ejection fraction at rest, filling fraction was less than that in normal patients at rest (35 ± 11% vs 47 ± 15%,p < 0.001). Despite similar resting heart rates, patients with coronary disease had lower (p < 0.001) peak filling rate and peak filling rate during the first third of diastole than normal patients. With exercise, filling fraction decreased (p < 0.001) from the resting value in coronary patients. These data suggest that (1) indexes of diastolic performance can be noninvasively assessed at rest and during exercise using first-pass radionuclide angiocardiography, (2) abnormalities in early diastolic performance are often present at rest in patients with coronary artery disease despite normal systolic performance, and (3) exercise-induced ischemia results in increased early diastolic dysfunction in patients with coronary disease.
ABNORMALITIES in left ventricular diastolic performance are common in patients with coronary artery disease.1 2 Myocardial relaxation during early diastole is an active, energy-dependent process and previous investigations have shown that hypoxia may impair the rate of myocardial relaxation.3 Abnormalities in diastolic performance during ischemia may occur in the absence of impaired systolic performance. 4 ' The noninvasive assessment of left ventricular diastolic performance in the patient with coronary artery disease either at rest or during physiologic stress such as exercise has been difficult by traditional techniques.
Use of first-pass angiocardiography and gated cardiac blood pool imaging have shown that the response of left ventricular systolic performance to exercise is a sensitive marker of left ventricular ischemia.6 8 Few data are available, however, concerning the application of radionuclide techniques to the evaluation of left ventricular diastolic performance, at rest or during exercise-induced ischemia, in patients with coronary artery disease.
The purposes of the present investigation were (1) to define left ventricular peak filling rate, peak filling rate during the first third of diastole and filling fraction during the first third of diastole as indexes of left ventricular diastolic performance at rest in normal subjects and in patients with coronary artery disease using first-pass radionuclide techniques; (2) to determine the effects of exercise on these indexes of diastolic performance and compare the response in normal subjects to that of patients with coronary artery disease during exercise-induced ischemia; and (3) to investigate the comparative effects of exercise on systolic and diastolic performance in normal subjects and patients with coronary artery disease.
Materials and Methods Patient Population
The study group consisted of 68 patients (58 males and 10 females) with documented coronary artery disease. Clinical characteristics are summarized in table 1 . Fifty-six patients had significant angiographically documented stenosis (> 50% reduction in luminal diameter) of at least one major coronary artery and 12 patients had electrocardiographic evidence ( (Q waves > 0.04 second in duration) of previous transmural DIASTOLIC PERFORMANCE IN Voi, 63, No 6, JUNE 1981 larities or "noise" not attributable to a physiologic or anatomic phenomenon, the first processing phase consists of a five-point parabolic smoothing algorithm implemented by a digital filter. The frequency response of the smoothing filter is oscillatory, reaching 70% of its DC value at approximately 12 Hz, and its first zero (an accepted measure of band width) at 19.8 Hz. End effects of the filter are avoided by entry of at least three points before the first diastolic frame and three points after the final diastolic frame. This smoothing process tends to minimize large, artifactual excursions in the derivative due to the "noise" in the input data.
The time series is then analyzed on a beat-to-beat basis, extracting variables of clinical and research interest, e.g., end-diastolic and end-systolic and stroke counts, ejection fraction, filling fraction, peak filling rate during diastole and rates for segments of diastole. End-diastolic and end-systolic volumes were defined as maximal and minimal counts, respectively, obtained from the left ventricular region of interest. Variables were expressed as raw data or automatically normalized to end-diastolic counts. For The radionuclide-determined indexes of left ventricular diastolic performance were compared with changes in left ventricular dimension derived from manually digitized M-mode echocardiograms in 17 patients without coronary artery disease or left ventricular dyssynergy.`1 All patients were in sinus rhythm and heart rates between radionuclide and echocardiographic studies differed by 10 beats/min or less. The echocardiographically determined peak rate of change of left ventricular diastolic dimension was normalized to end-diastolic dimension, and peak filling rate was normalized to end-diastolic counts. The peak rate of change of diastolic dimension and peak filling rate correlated significantly (p < 0.001, r = 0.65). Similarly, the change in diastolic dimension from end-systolic dimension to diastolic dimension during the first third of diastole, when divided by diastolic dimension during the first third of diastole, correlated closely with filling fraction (r = 0.78, p <0.001).
The variability of these diastolic indexes assessed by the Predictive accuracy was defined as the number of true-positive and true-negative responses divided by the total population. Results
Normal Patients Ejection Fraction
Mean left ventricular ejectioin fraction in the 32 normal patients was 67 ± 9% (range 50-88%) and increased during exercise to 82 ± 8% (range 62-95%, p < 0.001). All normal patients had an absolute increase in ejection fraction of at least 6% during exercise (mean increase 15 ± 7%, range 6-31%) ( fig. 2 ).
Diastolic Indexes
At rest, the mean filling fraction in normal patients was 47 4 15% (range 21-84%) and did not change . There were no significant differences with respect to resting or exercise heart rates or double product between patients with a normal or abnormal response of ejection fraction during exercise.
The mean filling fraction at rest in patients with coronary artery disease was 30 ± 13% (range 2-59%), which was significantly (p < 0.001) less than that in normal patients ( fig. 5 ). Even in patients with normal left ventricular ejection fraction at rest, the mean filling fraction was significantly less than that in normal patients (35 + 1 1% vs 47 ± 15%, p < 0.001). For the 19 patients with abnormal ejection fraction at rest, the mean filling fraction was 18 ± 9% and was less (p < 0.001) than that in coronary patients with normal resting ejection fraction (table 3) .
With exercise, the mean filling fraction decreased from the resting values in patients with coronary dis- Although there was no difference in resting heart rate in normal patients compared with patients with coronary artery disease, the mean peak filling rate was significantly less in patients with coronary disease than in normal patients (2.39 ± 0.75 sec`vs 3.13 ± 0.85 sec-', p < 0.001) (table 3). The mean increase in peak filling rate during exercise was less in patients with coronary disease than in normal subjects (1.41 ± 1.06 vs 2.48 ± 1.35 sec'-, p < 0.001). The mean peak filling rate during the first third of diastole at rest in patients with coronary artery disease was significantly less than that in normal patients (1.83 ± 0.72 vs 2.86 ± 0.92 sec-',p < 0.001) (table 3). During exercise, the peak filling rate during the first third of diastole was also less than that in normal subjects (2.45 ± 0.86 vs 3.84 ± 1.05 sec-', p < 0.001).
Stress ECG
Twenty-eight patients with coronary artery disease had a positive stress ECG ( fig. 6 ). There was no difference in heart rate change from rest to exercise in patients with or without a positive stress ECG (55 ± 21 vs 56 ± 26 beats/min). While the mean change in ejection fraction from rest to exercise was abnormal both in patients with and without positive stress ECG, the mean decrease in ejection fraction during exercise was significantly greater in patients with a positive stress ECG than in patients with a negative test (-5 ± 12% vs 4 ± 10%, p < 0.002). Twenty-one of 28 patients with a positive stress ECG had an abnormal ejection fraction response to exercise ( fig. 6 ). The mean decrease in filling fraction during exercise was significantly greater in patients who had ischemic electrocardiographic changes during stress than in patients who did not (-13 ± 13% vs -5 ± 1 1%, p = 0.007).
Propranolol
Twenty-eight patients were receiving propranolol for angina pectoris. Patients who were receiving propranolol had a lower heart rate than those who were not receiving propranolol (66 ± 12 vs 81 ± 17 beats/min, p < 0.001). Similarly, exercise heart rate was lower in patients receiving propranolol than in patients not receiving propranolol (112 ± 20 vs 143 ± 24 beats/min, p < 0.001, but the mean ejection fraction at rest was similar in the groups (60 ± 12% vs 54 ± 14%). The propranolol-treated group, however, had a higher ejection fraction during exercise than patients not taking propranolol (64 ± 17% vs 52 ± 14%, p < 0.002).
The mean filling fraction at rest was higher in the propranolol group than in the remaining coronary artery disease patients (36 ± 14% vs 25 ± 1 1%, p < 0.001). With exercise, filling fraction remained higher in the propranolol-treated group than the nontreated patients (30 ± 14% vs 16 ± 7%, p < 0.001).
Despite a lower resting and exercise heart rate in the propranolol group, peak filling rate and peak filling rate during the first third of diastole at rest and during exercise were not significantly different in patients receiving compared with those not receiving propranolol.
Relationship of Filling Fraction to Ejection Fraction, Extent of Coronary Artery Disease and Infarct Size
For the population as a whole, ejection fraction and filling fraction correlated significantly at rest (p < 0.001, r 0.75) ( fig. 7 ) and during exercise (p < 0.001, r 0.82) The absolute changes in filling fraction and ejection fraction from rest to exercise correlated significantly (p < 0.001, r = 0.59) ( fig. 8) .
Coronary angiography was performed in 56 of the 68 patients with coronary artery disease. Significant one-, two-, and three-vessel coronary artery disease was present in 17, 16 and 23 patients, respectively. Among the patients with an abnormal response of ejection fraction during exercise, patients with threevessel disease were significantly more common (chi-square p = 0.003) than patients with one-or twovessel disease. In addition, the mean change in ejec- Myocardial relaxation represents a complex interaction of both active and passive processes. During early isovolumic diastole when the peak rate of relaxation occurs, myocardial relaxation is an active, energy-dependent process resulting from the dissociation of actin and myosin.18 In the isolated cardiac muscle preparation, catecholamines enhance the rate of myocardial relaxation.'9 Myocardial ischemia, in contrast, may attenuate the rate and extent of relaxation by reducing available substrate for ATPdependent dissociation of actin and myosin.21 Additionally, acidosis appears to increase the affinity of sarcoplasmic reticulum for calcium, thereby resulting in prolongation of relaxation time.2' Recent studies carried out by exercising normal controls and coronary patients at cardiac catheterization indicate that, concomitant with the onset of ischemia manifested by angina, significant shifts in the slope of the diastolic log pressure-volume relation occur. In addition, the time constant of isovolumic pressure fall was lengthened during exercise in patients with coronary artery disease and angina or left ventricular dyssynergy; no change occurred in normal controls.4 These data obtained by standard invasive techniques further support the data obtained in our investigation by noninvasive methods.
In the present investigation, filling fraction as an index of early diastolic performance was significantly less in patients with coronary artery disease and normal systolic performance, even in the resting state, than in normal patients. However, the sensitivity and predictive accuracy of an abnormal filling fraction response to exercise compared with the ejection fraction response provide no additional diagnostic advantage. The abnormal filling fraction values at rest nevertheless suggest that diastolic function is sensitive to abnormalities resulting from chronic coronary artery disease. Even in the resting state, low-grade subclinical ischemia, myocardial fibrosis or both may result in impaired early diastolic filling, which was even more pronounced in patients with abnormal systolic performance.
In response to exercise-induced ischemia, as defined by an abnormal response of ejection fraction during exercise, 33 of 45 patients had a decrease in filling fraction during exercise, compared with six of 32 normal patients. These data imply that exercise-induced ischemia frequently impairs early diastolic filling coincident with the development of abnormalities in global systolic performance. In the 23 patients with coronary artery disease who had a normal ejection fraction response during exercise, the response of filling fraction to exercise was more varied -three patients had an increase and five had a decrease. Similarly, while the majority of normal patients exhibited an increase of no change in filling fraction during exercise, six normal patients had a decrease in this index during exercise. Four of these six normal patients had a resting filling fraction of 60% or more, while all patients with coronary disease had a resting value less than 60%. While this decrease in filling fraction may represent a false-positive response for exercise-induced ischemia, incomplete myocardial relaxation may be a normal physiologic response in certain patients during rapid heart rates. Studies by Weisfeldt et al.22 of pressureventricular dimension relationships in the intact canine ventricle showed a failure of the myocardium to return to a fully relaxed state after rapid pacing rates.
The left ventricular filling rate has been evaluated as an index of left ventricular compliance in several angiographic and echocardiographic studies. Using angiographically derived left ventricular volume curves, Hammermeister and Warbasse23 saw reduced filling rates in patients with coronary artery disease compared with normal subjects. In the present investigation, peak filling rate and peak filling rate during the first third of diastole were significantly lower at rest in patients with coronary artery disease than in normal patients, despite similar heart rates. These data would also support the observation that early diastolic relaxation is impaired incoronary artery disease. Coltart et al.24 showed that propranolol may result in an increase in diastolic volume for a given pressure so that static ventricular compliance appears to be increased. In the present investigation, filling fraction was higher at rest and during exercise in propranololtreated patients than in those not receiving propranolol. Despite lower resting and exercise heart rates in the propranolol-treated group, peak filling rate and peak filling rate during the first third of diastole did not differ significantly from those in patients with coronary artery disease not receiving propranolol. These data imply that propranolol may exert a beneficial effect upon early diastolic ventricular performance in patients with coronary artery disease.
In conclusion, our results indicate that exerciseinduced abnormalities in left ventricular filling fraction occur in the majority of patients manifesting evidence of ischemia defined by an abnormal response of systolic function to exercise. The finding that filling fraction decreases during exercise in certain normal subjects suggests that incomplete myocardial relaxation may be a normal physiologic response during rapid heart rates.
